To obtain a rapid genotyping method of Candida albicans, three polymorphic microsatellite markers were investigated by multiplex PCR. The three loci, called CDC3, EF3, and HIS3, were chosen because they are on different chromosomes so as to improve the chances of finding polymorphisms. One set of primers was designed for each locus, and one primer of each set was dye-labeled to read PCR signals by using an automatic sequencer. Amplifications were performed directly from the colonies harvested on the agar plate without a sophisticated DNA extraction step. At total of 27 reference strains and 73 clinical independent isolates were tested. The numbers of allelic associations were 10, 22, and 25 for the loci CDC3, EF3, and HIS3, respectively. The combined discriminatory power of the three microsatellites markers was 0.97. The markers were stable after 25 subcultures, and the amplifications were specific for C. albicans. An initial study of 17 clinical isolate pairs, including blood culture and peripheral sites, showed a similar genotype for 15 of them, confirming that candidemia usually originates from the colonizing isolate. Therefore, microsatellite marker analysis with multiplex PCR and automated procedures has a high throughput and should be suitable for large epidemiologic studies of C. albicans.
Among the yeasts that have emerged as major fungal pathogens in recent years (3), the commensal Candida albicans is the most prevalent and acts as an opportunistic agent in immunocompromised patients. The ability to discriminate strains of the organism has been developed for a better understanding of the epidemiology of this yeast. Thus, the route of acquisition (21) , nosocomial transmission (16) , or the emergence of antifungalresistant strains (6, 25) can be identified by using DNA-based methods already used for typing C. albicans. Strain-typing techniques such as restriction length polymorphic DNA (RFLP) with hybridization with a C. albicans-specific probe and the random amplified polymorphic DNA (RAPD) have been recently reviewed (23) . The RFLP technique is very informative but is time-consuming since Southern blots are needed. The PCR-based RAPD technique is rapid but poorly reproducible, especially between laboratories. Other authors have developed allele-specific oligonucleotide probes in Southern hybridizations with PCR-amplified DNA regions (6) . Another PCRbased method is the analysis of microsatellites, defined as tandemly repetitive stretches of two to five nucleotides. Since most microsatellites show a substantial level of polymorphism between individuals, microsatellites are extensively used for physical mapping in humans (28) . Moreover, since microsatellites test the presence of different alleles at a given locus, distinguishing heterozygotes in diploid organisms such as C. albicans is possible in contrast to the RFLP and RAPD methods. Several studies have already reported the application of this technique for the genotyping of C. albicans (4, 7, 10, 13, 22) .
One microsatellite marker in the EF3 promoter sequence of C. albicans was previously reported (4) . Reliability was achieved by automated procedures by use of fluorescent probes analyzed with an automatic sequencer. The discriminatory power of this single microsatellite marker was 0.86. To obtain greater resolution, we searched for new microsatellite markers located on different chromosomes. We secondarily optimized our PCR conditions to perform the analysis in a multiplex reaction to increase the throughput of the typing system. We subsequently evaluated the performance of this typing system on collection and clinical strains.
MATERIALS AND METHODS

Primers and amplification.
A search for repeated sequences containing at least five contiguous identical motifs of one to five nucleotides was performed on the sequences of C. albicans available in GenBank. Along with the microsatellite marker already described in the upstream sequence of the elongation factor 3 gene (EF3), located on chromosome 5 (20) , two other markers were selected: one downstream of the cell division cycle protein gene (CDC3), located on chromosome 1 (8) , and one downstream of the coding sequence for the imidazole glycerol phosphate deshydratase gene (HIS3), located on chromosome 2 (15) . The PCRs were subsequently referred to as EF3, CDC3, and HIS3, respectively. Primers were designed to amplify these microsatellite markers (Table 1) , and one primer of each set was 5Ј labeled with different dyes. The antisense primer of EF3 was labeled with 6-carboxyfluorescein, while the sense primer of CDC3 was labeled with 4,7,2Ј,4Ј,5Ј,7Ј-hexachloro-6-carboxyfluorescein, and the sense primer of HIS3 was labeled with 4,7,2Ј,7Ј-tetrachloro-6-carboxyfluorescein. This type of labeling allows for multiplex PCRs and sizing of the PCR products with an automatic sequencer.
Amplifications were directly performed on C. albicans colonies from Sabouraud plates. The colonies were harvested with a single use plastic tip, and cells were then suspended in 20 l of the reaction mixture, including 1ϫ PCR buffer, 3.25 mM MgCl 2 , a 0.2 mM concentration of each deoxynucleoside triphosphate, 2 pmol of each of the six primers, and 1.25 U of AmpliTaq Gold (all from Applied Biosystems, les Ulis, France). The samples were initially incubated for 10 min at 95°C to activate the AmpliTaq Gold and to denature the DNA. The temperature cycling (30 cycles at 95°C for 15 s, 52°C for 1 min, and 72°C each) was performed in a 24-well thermal cycler (Applied Biosystems/Perkin-Elmer Cetus 2400). The final cycle was followed by an additional 7 min at 72°C to complete partial polymerization. PCR products were diluted 1/5 in water, and 1 l of each was run on a 36-cm acrylamide urea gel (Sequagel; National Diagnostics) for 2 h under 3,000 V. An internal standard labeled with 6-carboxy-Xrhodamine dye (GenScan-500 Rox; Applied Biosystems) was loaded into each well, along with the PCR products. Signals were read by using a 377 automatic sequencer (Applied Biosystems), and the data were stored and analyzed with the 372 Genescan software (Applied Biosystems). To ensure the reproducibility of the results, reference strain H12 was systematically run as a control in each gel.
C. albicans strains and isolates. To evaluate the discriminatory power of the three microsatellite markers, 100 independent C. albicans strains were genotyped, including 27 reference strains and 73 clinical isolates (Table 2 ). These isolates were collected from different patients in different wards in two different hospitals and from different anatomical sites. To compare C. albicans isolates responsible for invasive infections and the corresponding isolates from peripheral anatomical sites in a given patient, 18 pairs of isolates were genotyped: 9 blood culture-peripheral sites and 9 central catheter-peripheral sites.
RESULTS
For each marker and for a given isolate, one or two bands were observed. Since C. albicans is diploid and since each marker tested a single locus, each band observed was assigned to an allele. For a given isolate, identical results were obtained upon two different amplifications of the same DNA preparation and upon two different preparations of DNA of the same colony. Four reference strains (B792, Ca 4918, H12, and ATCC 38696) were subcultured 25 times in yeast potato dextrose, corresponding roughly to more than 300 generations, and the alleles were unchanged. The amplifications were specific for C. albicans, since no bands were observed upon amplification of clinical isolates of C. tropicalis, C. glabrata, and C. dubliniensis (F. Mühlschlegel) and a C. stellatoidea reference strain (IP2814).
As already done for the EF3 locus (4), we determined that the differences in length observed in the CDC3 and the HIS3 systems were due to the different number of repeats of the microsatellites. We performed direct sequencing of four alleles obtained from four homozygous reference strains: strains 28367 and 38696 for the CDC3 microsatellite and strains IP1548/84 and 10231 for the HIS3 microsatellite. The sequencing showed that the differences in length observed were due to the different number of microsatellites. However, we did not express our results as a number of repeats at a given locus because we cannot completely exclude that differences in base composition outside the microsatellite sequence could occur for some isolates (17) .
Each isolate was therefore characterized by a profile of six alleles. Among the 100 independent C. albicans tested, i.e., 200 chromosomes since C. albicans is diploid, the number of alleles detected was 5, 12, and 18 in the CDC3, EF3, and HIS3 systems, respectively ( Table 2 ). These alleles were differently associated and 10, 22, and 25 allele associations were observed in the CDC3, EF3, and HIS3 systems, respectively ( Table 2 ). The numerical index of discriminatory power (DP), based on the probability that two unrelated isolates sampled from the test population will be placed into different typing groups, was calculated for each microsatellite marker from the formula (12):
where s is the number of profiles, x j is the number of the population falling into the jth type, and N is the size of the population (N ϭ 100). The DP of EF3 was 0.86, identical to the DP previously observed with different isolates (4), the DP of HIS3 was 0.91, and the DP of CDC3 was 0.77. When the three markers are combined, the DP was 0.97. An index greater than 0.90 is desirable if the typing results are to be interpreted with confidence (12) . Heterogeneity was observed among the frequency of the alleles. At a given locus, most of the possible number of repeats were present demonstrating a continuum for increasing or decreasing the numbers of repeats (Fig. 1) . However, the distribution of the alleles was not normal, and some alleles were overrepresented. Among the profile associations, a group of 17 isolates could not be distinguished by the three microsatellite markers (Table 2) . Besides, most of the isolates tested were heterozygous for at least one locus since only three isolates were homozygous at the three loci. No definitive conclusion on the ploidy of these isolates could be drawn. However, they were considered homozygous in Table 2 and Fig. 1 .
To explore the origin of blood-borne infections in 17 patients, eight positive blood cultures and nine cultures from central catheters, as well as the corresponding infective and/or colonizing isolates obtained from peripheral anatomical sites at the same time, were genotyped. We observed an identity of the genotypes in 15 of these patients (Table 3) . For patients 7 and 17, the genotype of the C. albicans from the central catheters was different from the genotype observed in urine or on the skin (Table 3) . This finding suggested an exogenous source for the contamination of the catheter. It is also noteworthy that one new allelic association was found for patient 7. This demonstrated that the allelic associations reported above with the 100 independent isolates (Table 2) do not represent all of the possibilities and that the typing system is not saturated.
DISCUSSION
To be utilized as a typing system, a method must fulfill several biological and technical criteria, such as high polymor- phism, reproducibility, and feasibility (23) . The microsatellite markers fulfill these criteria. First, the three microsatellite markers in the present study have a high discriminatory power of 0.97. The loci tested are not clustered but are located on different chromosomes. Second, these markers are stable over many generations and do not change, similar to Aspergillus fumigatus (1) and Saccharomyces cerevisiae (11) . The data are reliable if an automatic sequencer is used to measure the length of the alleles. The amplification of short DNA sequences at a high annealing temperature, as used for the analysis of microsatellites, in contrast to RAPD, increases reproducibility upon sequential tests and between laboratories. Indeed, similar results have been obtained by two different teams (4, 7) , and the lengths of the alleles are numeric data that are easy to compare. However, some PCR artifacts can occur due to the addition of extra nucleotides by some Taq polymerases (5). This problem can be controlled by the systematic use of a reference strain in each experiment. Since the expected length is known, it is possible to detect an artifact and to correct the sizing of the alleles. Third, the throughput of this technique is high. There is no need for sophisticated DNA extraction procedures since heating of the colonies releases The analysis of microsatellite markers is therefore suitable for addressing medical questions such as the origin of the infective strains. For instance, the study of 17 pairs of isolates from blood or central catheter and peripheral anatomical sites showed that, in 15 cases, the genotype was identical, confirming that the patient was well infected with his or her own colonizing strain (13, 16, 26) . For the other two patients, a nosocomial transmission from the medical staff or from unidentified fomites can be hypothesized. This finding can lead to an investigation of the source of the infection.
Among all possible allele associations, some account for more isolates than others. For the EF3 marker, the associations 126-135, 130-136, and 131-131 represented 31, 21, and 13% of the genotypes, respectively. These figures are close to those previously observed on 60 independent isolates by our laboratory and on 96 isolates by a different team: 25, 15, and 15% (4) and 28, 17, and 16% (7), respectively. The fact that some clusters are more prominent has already been observed with other typing systems (16, 29) . Adding other microsatellite markers led to a smaller size of groups with the same genotype. Thus, the 131-131 EF3 genotype was resolved in five different genotypes, and the 130-136 EF3 genotype in four different genotypes. Interestingly, the 125-136 EF3 genotype was reduced, but the number of undistinguishable C. albicans remained at 17%. To know whether this genotype represents a population with some selective advantage warrants additional studies, especially in animals and in healthy individuals since all of the strains tested were from human patients. In the same way, specific studies focused on the minor genotypes should be designed to know whether some genotypes are more pathogenic than others, which does not appear to be the case (7, 14) .
Presently, the microsatellite markers must be used cautiously for phylogenetic studies (24) . If the main mechanism leading to the polymorphism observed is thought to be replication slippage, other mechanisms are hypothetized such as gene conversion (9) . The mutation rate of microsatellites is also variable. It depends on the length of the individual microsatelitte (27) . The average repeat number at a locus is directly proportional to the degree of length polymorphism, indicating that long loci mutate more often than short loci. This observation was confirmed with C. albicans since the more polymorphic microsatellitte is the one with the higher number of repeats (see Tables 1 and 2 ). Moreover, the mutation rate of microsatellites is probably not equal for each species. For instance, the mean rate in Drosophila melanogaster is lower than the mean rate in humans (9) . Therefore, it is currently impossible to determine the origin of a given allele from another specific one and comparisons with other genetic markers are needed. Convergence may explain some groupings within the microsatellite markers, whereas other genetic markers can give divergent results as reported for Escherichia coli (18) . Discrepancies have already been reported for RAPD and microsatellite typing for C. albicans in human immunodeficiency virus-infected patients (19) . However, another recent study of A. fumigatus isolates comparing RFLP, followed by hybridization with a specific probe and microsatellite markers, allowed similar typing (2) .
Whatever the cause of the different number of repeats of the microsatellites, these markers are stable, easy to assay, adaptable to a large series, and discriminatory enough to be used as a typing system to investigate clinical issues, such as the nosocomial transmission of C. albicans. This typing system should be also developed for typing other medically important yeasts 
